During mouse germ cell development, the first sign of sex differentiation occurs when XY germ cells enter G 1 /G 0 arrest from 12.5 days postcoitum (dpc). Retinoblastoma 1 (RB1), a potent cell cycle regulator, was investigated in XY germ cell arrest by studying germ cell proliferation in Rb1
INTRODUCTION
Spermatozoa and oocytes mediate our ability to reproduce and pass on our genetic information to future generations. The precursors of these cells, the primordial germ cells, are specified early in embryogenesis and rely on somatic cell cues to direct their sex-specific differentiation into functional gametes. During early mouse development, both the behavior and phenotype of XX and XY germ cells are indistinguishable, and the first apparent sign of sexual dimorphism is observed at 12.5 days postcoitum (dpc), when XY germ cells stop proliferating and enter G 1 /G 0 arrest [1] . This quiescence is maintained by the germ cells until approximately 8-10 days postnatal (dpn), when mitosis is reentered, followed by meiosis in the mature testis. In the ovary, germ cells bypass G 1 /G 0 arrest and instead enter the first phase of meiosis I during fetal development, at around 13.5 dpc, but complete meiosis at fertilization [2] . Entry of XX germ cells into meiosis is induced by retinoic acid present in the ovary [3, 4] , but little is known about the mechanism of XY germ cell G 1 /G 0 arrest in the testis.
Retinoblastoma 1 protein (RB1) is a major cell cycle regulator used by somatic cells. The RB1 family includes three members, RB1, RBL1 (p107), and RBL2 (p130), each aiding in the regulation of cell proliferation, apoptosis, and cell differentiation [5, 6] . The Rb1-null mutant mouse displays embryonic lethality due to placental, hematopoietic, and neuronal defects. In contrast, the Rbl1-null and Rbl2-null mutants are viable, suggesting some degree of redundancy in their function [7, 8] .
The major target for RB1 is the E2F family of transcription factors, which are required for entry into the S phase of the cell cycle by virtue of their role in transcriptional activation of genes such as v-myc myelocytomatosis viral-related oncogene, neuroblastoma derived (Mycn) [9, 10] . Binding of RB1 to these crucial developmental factors has two effects: prevention of the E2F member from interacting with transcriptional coactivators, and recruitment of chromatin-modifying enzymes, such as histone deacetylases, to silence transcription [11] .
The activity of RB1 is regulated by phosphorylation, which is modulated by growth factor signaling. Phosphorylation, and thereby inactivation, of RB1 by cyclin-dependent kinases (CDKs) 4 and 6 occurs in a cell cycle-dependent manner [12] . The CDK inhibitors, such as CDKN2A, function to prevent this phosphorylation, allowing the active form of RB1 to arrest cells in the G 1 phase of the cell cycle [13] .
In the adult testis, RB1 is expressed in spermatogonia [14] , and in cases of testicular germ cell tumors (TGCTs), the RB1 pathway is disrupted [15] . In the embryonic testis, RB1 is expressed from 12.5 to 15.5 dpc [16] , the time at which XY germ cells enter G 1 /G 0 arrest. These data have led to the hypothesis that RB1 is required by germ cells for their entry, but not maintenance, of G 1 /G 0 arrest, and therefore in its absence, continued mitotic proliferation of XY germ cells would occur. To investigate this hypothesized role for RB1 in fetal XY germ cells, we analyzed the Rb1 À/À mouse line, in which the ubiquitous deletion of Rb1 results in embryonic death around 14.5 dpc. Using a culture system, we analyzed the effects of Rb1 deletion within the narrow time frame of 14.5-16.5 dpc. Rb1 À/À testes at 14.5 dpc displayed a population of proliferating germ cells that were absent in controls at this time, and accordingly an increased number of germ cells. This phenotype was resolved by 16.5 dpc, concomitant with an upregulation of multiple CDK inhibitors that may be responsible for correcting the proliferation defect. Our analysis highlights an important role for Rb1 in modulating germ cell G 1 /G 0 arrest at 14.5 dpc. This function for RB1 also offers an explanation for the deregulation of the RB1 pathway observed in cases of carcinoma in situ (CIS) and TGCTs, which are thought to arise from aberrant cell cycle control of fetal germ cells [15] .
MATERIALS AND METHODS

Animals
Protocols and use of animals in these experiments were approved by the Animal Welfare Unit of the University of Queensland, registered as an institution that uses animals for scientific purposes under the Queensland Animal Care and Protection Act (2001).
The conditional Rb1 floxed allele was generated as described previously [17] , with LoxP sites flanking exon 2 (Rb1
F2/F2
), and was maintained on a C57BL/6 background. These mice were maintained as homozygous for the floxed allele until crossing with the cre deletor strain and displayed normal vitality and fertility, as reported previously [17] . The X-linked cre deletor strain Tg(CMVCre)1Cgn [18] was also maintained on the C57BL/6 background. Crossing of Rb1 F2/F2 with Tg(CMV-Cre)1Cgn yielded heterozygous mice harboring the null allele (Rb1 D2/þ ) that were then intercrossed to obtain the homozygous null allele (Rb1
D2/D2
). No viable offspring were obtained, consistent with the reported embryonic lethality of Rb1 homozygous deletion [7, 8, 19] .
Genotyping
Genomic DNA was isolated from tail tip biopsies. Mice transgenic for Tg(CMV-Cre)1Cgn were genotyped by PCR for the presence of Cre Recombinase with specific primers Cre5F, 5
0 -CTGACCGTACAC CAAAATTTGCCTG-3 0 ; and Cre6R, 5 0 -GATAATCGCGAACATCTT CAGGTTC-3 0 to yield a 203-bp product. The PCR was performed in reactions containing 10 pmol each primer in 13 ThermoPol Buffer, 200 lM dinucleotide triphosphates, and 1.5 units of Taq DNA Polymerase (New England Biosciences). Amplification conditions were 958C for 5 min, followed by 35 cycles (958C 30 sec, 558C 30 sec, 728C 30 sec). Mice transgenic for the Rb1 floxed (Rb1
F2/F2
) and deleted alleles (Rb1 D2/D2 ) were genotyped as described previously [17] .
Embryo Collection and Organ Culture
Embryos were collected from timed matings of the CD1 outbred strain and the W e /W e inbred mutant strain [20] , with noon of the day on which the mating plug was observed designated as 0.5 dpc. Embryos from Rb1 D2/þ 3 Rb1 D2/þ timed matings were collected at 13.5 and 14.5 dpc because Rb1 D2/D2 embryos die around 14.5 dpc. Culturing was performed as described previously [21] , with minor modifications. Briefly, embryos were dissected in warmed Dulbecco minimal Eagle medium (DMEM) supplemented with 10% Serum Supreme (Lonza), 50 lg/ml ampicillin (Sigma-Aldrich), and penicillin 50 IU/ ml-streptomycin 50 lg/ml (Invitrogen). Tail tissue was taken for genotyping of all embryos, and gonads with mesonephros attached were dissected and transferred immediately to prepared wells of agar blocks. Cultures were incubated at 5% CO 2 at 378C for 48 h, with media changed daily.
Histological and Immunofluorescence Analyses
Tissues were fixed in 4% paraformaldehyde (PFA) in PBS for several hours and either used in whole-mount immunofluorescence or embedded in paraffin for sectioning. Gonads for whole-mount immunofluorescence were washed in PBS with 0.01% Triton-X (PBTX) and blocked in 10% heat-inactivated sheep serum in PBTX for 2 h at room temperature. Primary antibodies were diluted in blocking solution and incubated with gonads overnight at 48C. Samples were washed three times in PBTX and incubated with secondary antibodies in blocking solution overnight at 48C. Gonads were then washed twice with PBTX before incubation with 4 0 ,6 0 -diamidino-2-phenylindole (DAPI) in PBTX for 5 min. After two washes in PBTX, gonads were mounted in 70% glycerol in PBS for imaging. Paraffin-embedded gonads were sectioned at 7 lm, dewaxed with xylene, and rehydrated through an ethanol series. For morphological analysis, sections were deparaffinized and stained with hematoxylin and eosin (H&E). Immunofluorescence on paraffin sections was performed as described previously [22] .
In vivo labeling with bromodeoxyuridine (BrdU; Invitrogen) was performed per the manufacturer's instructions. After BrdU incorporation and dissection, gonads were fixed in 4% PFA/PBS and incubated twice for 10 min in 2 N HCL at room temperature, followed by a 1-h incubation at 378C. Gonads were washed thoroughly with PBS prior to whole-mount immunofluorescence.
Lysotracker Red DND-99 (Molecular Probes) was used to measure cell death per the manufacturer's instructions. Briefly, dissected gonads with mesonephros attached were washed once in PBS before incubation in 500 ll of DMEM with 2.5 ll of LysoTracker Red DND-99 for 30 min at 378C. Gonads were then washed twice in PBS for 10 min and fixed in 4% PFA/PBS prior to whole-mount immunofluorescence.
Primary 
Western Blotting
Western blot was performed as described previously [23] , with the following antibodies and dilutions: anti-RB1 (Santa Cruz Biotechnology) 1:400, anti-TUBA1A (clone B-5-1-2; Sigma) 1:500, anti-pRB1 (Ser807811; Cell Signaling Technology) 1:400, goat anti-mouse conjugated to horseradish peroxidase (HRP; Sigma) 1:2000, and goat anti-rabbit conjugated to HRP (Vector Laboratories) 1:2000.
Image Collection and Cell Counting
The H&E images were captured on an Olympus BX51 BF/DF microscope, and photographs were taken with an Olympus DP-70 camera using the default settings of the Olympus software DP Controller (version 2.1.1.183). Immunofluorescence-labeled sections were imaged using a Zeiss LSM-510 confocal microscope. The number of cells positive for both DDX4 and MKI67/ pHH3/Brdu, or Lysotracker Red DND-99 alone, was counted manually in a minimum of 10 sections per gonad (7-lm sections throughout the whole gonad) of each genotype (Rb1 D2/þ and Rb1
D2/D2
). Statistical analysis was performed using Excel (Microsoft). Pairwise comparisons were analyzed using one-tailed Student t-test.
RNA Isolation and Quantitative Real-Time RT-PCR
Gonads (without mesonephroi) from embryos or cultures were dissected in PBS, and total RNA was immediately isolated using the Micro RNA kit (Qiagen) per the manufacturer's instructions, including the optional DNaseI genomic DNA degradation step. The cDNA was synthesized from 1 lg of RNA by reverse transcription (Superscript III; Invitrogen) using random primers (Promega) according to the manufacturers' instructions. The ABIPrism-7000 Sequence Detector System was used to analyze relative cDNA levels. Primers were designed for each mRNA using the Universal Probe library tool (www.roche-applied-science.com/sis/rtpcr/upl/adc.jsp; Supplemental Table S1 , all Supplemental Data are available online at www.biolreprod.org). All quantitative real-time RT-PCR (qRT-PCR) experiments were performed in triplicate and repeated on three separate biological collections, each representing multiple pooled gonads. Results are represented as mean 6 SEM of the three experiments. Briefly, samples were analyzed in 25-ll reactions as described previously [24] . Dissociation curves were analyzed for each primer set, and cDNA samples were normalized against both Rn18s (18S rRNA) and Rps29 using the 2 ÀDCT method. Statistical analysis was performed using Excel (Microsoft). Pairwise comparisons were analyzed using one-tailed Student t-test.
RESULTS
RB1 Is Expressed and Active in Fetal XY Germ Cells
RB1 expression has been identified recently within fetal XY germ cells during mitotic arrest from 12.5 to 15.5 dpc [16] . Because RB1 activity is modulated by phosphorylation, we set out to determine the phosphorylation status within the germ 434 cells at this time. RB1 protein was detected primarily in the germ cells of both XX and XY gonads at 13.5 dpc (Fig. 1A ), but the phosphorylated (inactive) form of RB1 (pRB1) was expressed in the XX germ cells of the ovary, detected by a phospho-specific RB1 antibody (Fig. 1A) . RB1 was also detected in a small number of somatic cells in both sexes. These findings were confirmed by Western blot analysis (Fig. 1B) .
We also analyzed W e /W e mutant gonads [25] , which lack germ cells, for expression of RB1 family members at 13.5 dpc. Analysis using qRT-PCR revealed reduced expression of Rb1 in W e /W e gonads (Fig. 1C ), indicating expression in germ cells. Although a low level of Rb1 was detected in the absence of germ cells (W e /W e mutant), somatic expression of RB1 was detected by immunofluorescence in only very few somatic cells in XX or XY wild-type gonads (Fig. 1A) . Conversely, unchanged expression levels of both Rbl1 (Fig. 1D) and Rbl2 (Fig. 1E) To determine the in vivo role of RB1 in the XY gonad, we employed a loss-of-function approach. To do this, we generated mice harboring the ubiquitous deletion of Rb1 using the Tg(CMV-Cre)1Cgn transgenic line. As expected, we observed embryonic lethality in homozygous (Rb1 À/À ) embryos at 14.5 dpc [7, 8, 19] . Although mice harboring the heterozygous deletion (Rb1 þ/À ) are viable and fertile, we analyzed the testes of heterozygous adult males to determine whether there were any obvious effects on spermatogenesis. Staining with H&E demonstrated normal testis morphology and spermatogenesis in these mice (Supplemental Fig. S1 ).
Rb1
À/À Testes Display Normal Histology and Somatic Cell Marker Expression
We next examined testes homozygous for the Rb1 deletion at 14.5 dpc, the stage at which most mutant embryos die. As expected from the germ cell expression of RB1, somatic cell morphology (Fig. 2, A and B ) and markers were unaffected. Sertoli cell marker anti-Müllerian hormone (AMH; Fig. 2 , C and D) and Leydig cell marker hydroxy-delta 5-steroid dehydrogenase, 3 beta-and steroid delta-isomerase 1 (HSD3B1; Fig. 2 , E and F) had comparable levels of expression in Rb1 þ/À and Rb1 À/À testes. The apparently smaller size of the Rb1 À/À gonads in this figure reflects the location of the section at the periphery of the gonad rather than the overall size of the gonads, which was similar between Rb1 þ/À and Rb1 À/À mutants.
Germ Cells Are Still Proliferating at 14.5 dpc in Rb1 À/À Testes
We hypothesized that RB1 might control germ cell proliferation and therefore examined several markers of germ FIG. 1. Expression of RB1 in the developing mouse gonad. A) Immunofluorescence of 13.5 dpc XX and XY gonad paraffin sections detected RB1 expression predominantly in the germ cells (green) and in a small number of somatic cells (yellow) in both sexes. In contrast, expression of phospho-RB1 was detected in the germ cells of the XX gonad (green). Somatic cells are marked by WT1 (red). Bar ¼ 100 lm. B) Western blot of 13.5 dpc XX and XY gonadonly samples using anti-RB1, which detected expression in both the XX and XY gonad samples. Anti-phospho-RB1 was only detected in the XX gonad sample, and anti-TBA1A was used as the loading control. C-E) The qRT-PCR analysis of the RB1 family, Rb1, Rbl1, and Rbl2, in XY 13.5 dpc W e /W e mutant gonads that lack germ cells, normalized to Rn18s (18S RNA). Rb1 is expressed at highest levels in wild-type (Wt) testis containing germ cells, and Rbl1 and Rbl2 display comparable somatic cell expression independent of the presence of germ cells. Error bars represent 6 SEM of three independent experiments, each performed in triplicate. *P , 0.05; n ¼ 3.
RB1 MODULATES XY GERM CELL G 1 /G 0 ARREST 435 cell identity and cell cycle status. Analysis of the germ cell markers DEAD box polypeptide 4 (DDX4, also known as MVH; Fig. 3 , A and B) and cadherin 1 (CDH1, also known as E-CAD; Fig. 3 , C and D) showed comparable levels of expression between the Rb1 þ/À and Rb1 À/À 14.5 dpc testes. Employing these markers to count total germ cell numbers, there appeared to be an increase in germ cell number in the
Rb1
À/À testes (Fig. 3I ), although this increase was not statistically significant. Similarly, qRT-PCR showed that expression levels of the germ cell marker Ddx4 (Fig. 4A ) and the pluripotency marker Pou5f1 (Fig. 4B) were also slightly elevated in Rb1 À/À testes, albeit not at a statistically significant level.
Next, we investigated the cell cycle status of the germ cells in the absence of Rb1. Using the germ cell markers DDX4 and CDH1 in conjunction with MKI67 (Fig. 3, E and F) , phosphohistone H3 (pHH3; Fig. 3, C and D) , and BrdU incorporation (Fig. 3, G and H) as indicators of proliferation, we saw that G 1 / G 0 arrest is complete at 14.5 dpc in wild-type germ cells (Fig. 3,  C , E, and G). At this time point in the Rb1 À/À testes, however, 4% of the total germ cell population was still proliferating (Fig.  3, D, F, H, and J) . Together, these data indicate that at 14.5 dpc, germ cells display prolonged proliferation in the absence of Rb1 that presumably leads to elevated germ cell numbers.
Normal Germ Cell Proliferation in Cultured Rb1
À/À Fetal Testes at 16.5 dpc Equivalent
Because Rb1
À/À embryos die in utero around 14.5 dpc, we used an ex vivo culture system in which gonads were explanted at 14.5 dpc and cultured for 48 h to allow gonadal growth to the equivalent of 16.5 dpc. Analysis of Rb1 þ/À and Rb1 À/À cultured testes showed comparable histology (Fig. 5, A and B) , although they displayed reduced size and less-defined testis cord structure at the periphery of the gonad. Despite the morphological changes of the cultured testes, expression of somatic cell markers detected by immunofluorescence (AMH and HSD3B1; Fig. 5 , C-F) displayed comparable levels of expression between Rb1 þ/À and Rb1 À/À cultured testes. Germ cell marker expression of CDH1 (Fig. 5, C-F) and DDX4 (Fig. 5, G and H) was also consistent between samples. However, total germ cell number was increased by 10% in the absence of Rb1 (Fig. 5I) . Although the increase in germ cell number was not statistically significant, this trend was recapitulated in the qRT-PCR analysis, which displayed significantly increased expression of both Ddx4 (Fig. 4A) and Pou5f1 (Fig. 4B) in the Rb1 À/À testes. We could not detect any aberrant germ cell proliferation, assessed using the proliferation markers MKI67 (Fig. 4, 5 , G and H), pHH3, and BrdU incorporation in these samples, indicating that the total population of germ cells had entered G 1 / G 0 arrest by the 16.5 dpc equivalent time point analyzed.
Deregulated Expression of CDK Inhibitor Genes in Rb1
À/À
Fetal Testes
Although we observed a germ cell proliferation phenotype in Rb1 À/À mice, it was milder than expected. Hence, we next assessed the 14.5 dpc and 16.5 dpc equivalent Rb1 À/À XY gonads for changes in gene expression of proliferation markers and RB1 family and target genes. In this analysis, we used the W e /W e mouse model to help distinguish between germ cell loss and somatic cell loss of Rb1. Here, the W e /W e testes represent the loss of germ cell Rb1 (by the loss of germ cells themselves) as opposed to the combined somatic and germ cell loss of Rb1 in the Rb1 À/À testes. An established mechanism for redundancy exists within the RB1 family of phospho-proteins, whereby RBL1 and RBL2 become upregulated individually or together to induce cell cycle arrest in the absence of RB1 [26] . We therefore assessed the Rb1 À/À and W e /W e testes for gene expression of both family members. Using qRT-PCR, no significant increase in expression of Rbl1 (Fig. 4C) or Rbl2 (Fig. 4D) was detected in the absence of Rb1 in either mutant model.
FIG. 2. Immunohistochemical analysis of somatic cell markers in 14.5 dpc Rb1
þ/À and Rb1 À/À testes. A and B) Staining with H&E, with testis cords delineated by white dashed lines. C and D) Immunofluorescence analysis of germ cell marker CDH1 (red) and Sertoli cell marker AMH (green) and nuclei counterstained with DAPI (blue). E and F) Immunofluorescence analysis of germ cell marker CDH1 (red) and Leydig cell marker HSD3B1 (green) and nuclei counterstained with DAPI (blue). Testes are delineated in C-F with white dashed lines. Bar ¼ 50 lm.
436
In the absence of Rb1 we did, however, detect increased expression of various CDK inhibitors that control cell cycle progression in many cell types [27] . These factors are important for RB1-mediated cell cycle control and are also deregulated in some cases of Rb1 deletion [28] . In particular, both Cdkn1b (p27; Fig. 4F ) and Cdkn2b (p15; Fig. 4I ) were significantly upregulated in the Rb À/À testes at 16.5 dpc. Expression of these CDK inhibitors in the W e /W e testes revealed unchanged levels in the absence of germ cells. In contrast, Cdkn1c (p57; Fig. 4G ) was upregulated in both the Rb1 À/À and W e /W e testes at 14.5 dpc, indicating that this increase was probably not due to germ cell-specific expression in either mutant. Both Cdkn1a (p21; Fig. 4E ) and Cdkn2a (p16; Fig. 4H ) expression levels were significantly decreased in the W e /W e mutant only, indicating that these transcripts are predominantly expressed by germ cells, although they are not affected in the absence of Rb1. We next investigated several genes deregulated in an ovarian model of Rb1 deletion, because of the biological association with the testis model we were investigating. In the granulosa cell deletion of Rb1 in the ovary, two members of the E2F family of transcription factors (E2f1 and E2f5), through which RB1 modulates cell cycle progression, were disrupted [9, 29] . Additionally, several RB1 direct transcriptional targets and cell cycle progression factors, including transforming growth factor beta 2 (Tgfb2), FBJ osteocarcinoma oncogene (Fos), and myelocytomatosis gene (Myc), were also altered in this model [29] . However, qRT-PCR analysis of the Rb1 À/À testes revealed that each of the E2F members RB1 MODULATES XY GERM CELL G 1 /G 0 ARREST and RB1 target genes remained unchanged (Supplemental Fig. S2) .
Together, these data indicate that although several members of the CDK inhibitor family became upregulated in response to Rb1 deletion, known factors of the RB1 pathway, including family members and tissue-specific target genes, remained unchanged in the Rb1 À/À testes.
Increased Cell Death in Rb1 À/À Fetal Testes at 16.5 dpc Equivalent
Because the testis is extremely sensitive to aberrations in cell cycle control and has a robust mechanism for apoptosis, we next assessed cell death in these samples. To do this, we used the Lysotracker cell death assay, which detects cell fragmentation in the later stages of apoptosis by the pH of the lysosomes. Cells   FIG. 4 labeled by this method include those undergoing apoptosis in addition to neighboring cells engulfing apoptotic cells [30] [31] [32] . Using this assay, we observed labeled populations of predominantly somatic cells, and very rarely gonocytes, in both Rb1 þ/À and Rb1 À/À testes (Fig. 6, A-H) . In both mutants, these labeled cells were often closely associated with the testis cords. At 14.5 dpc, the number of labeled cells was comparable between samples, but at 16.5 dpc there was a significant increase in labeled cell number in the Rb1 À/À testes (Fig. 6I ).
DISCUSSION
Development of TGCTs and CIS are the result of aberrant cell cycle control of germ cells [33] . These tumors are characterized by extensive deregulation of the RB1 pathway and extreme sensitivity to apoptosis, which are rare in other forms of cancer [34] . In these cases, Rb1 and the CDK inhibitors Cdkn1a and Cdkn2s a, b, c, and d are downregulated, and as a result, upregulation of cyclin D2 follows to achieve the malignant state [15, 34] . Given the strong link between RB1 and cell cycle control of spermatogenesis, it is feasible that RB1 may also function in fetal germ cell G 1 /G 0 arrest. Although RB1 was not detected in germ cells of human fetal testes [33] , it was recently identified during the narrow window of 12.5-15.5 dpc in the mouse testis [16] .
To investigate the in vivo role of Rb1 in XY germ cells during G 1 /G 0 arrest, we examined a ubiquitous Rb1 loss-offunction mouse model. Because these mutants die in utero around 14.5 dpc, our analysis used an ex vivo culture system to obtain gonads at a 16.5 dpc equivalent time point. At 14.5 dpc, in the absence of Rb1, we detected a population of germ cells that failed to arrest in G 1 /G 0 and, accordingly, an increase in germ cell number. Surprisingly, this aberrant germ cell proliferation phenotype was resolved by 16.5 dpc, when G 1 /G 0 arrest was achieved in the total germ cell population. At this time, total germ cell numbers were only slightly elevated, although germ cell-specific genes Ddx4 and Pou5f1 were significantly upregulated. This result could reflect the use of qRT-PCR, which provides a more sensitive readout of germ cell number than the manual counting in immunofluorescence sections or, alternatively, changes to the regulation of these factors in the absence of Rb1. Consistent with the germ cellspecific expression of endogenous RB1, there were no apparent changes in the somatic cell environment of Rb1 À/À testes, but apoptosis levels were increased at the later time point (Fig. 7) .
RB1 family redundancy is widely reported in somatic cell systems [7, 8, 35, 36] and appears to have strain-dependent characteristics [37, 38] . In the adult testis, RBL2 functions in Sertoli, Leydig, and peritubular myoid cell populations. RBL1 has been identified in both mitotically and meiotically proliferating spermatocytes, in contrast to RB1, which is expressed throughout all stages of spermatogenesis [14] . In our analysis, we did not see upregulation of the RB1 family members Rbl1 or Rbl2 in the Rb1 À/À fetal testes. The failure of the germ cells to upregulate these family members is consistent with the predominant somatic cell expression of 
RB1 MODULATES XY GERM CELL G 1 /G 0 ARREST
Rbl1 and Rbl2 within the fetal gonad. Despite this somatic mRNA expression, we cannot discount the possibility that RBL1 and RBL2 protein expression and posttranslational modifications, which were not investigated in this study, might have a function in Rb1 À/À germ cells. It would be particularly interesting to see whether this redundancy would compensate for Rb1 deletion during spermatogenesis in the adult testis, where RBL1 is expressed endogenously in the spermatocytes. Our current finding highlights the uniqueness of germ cell regulation, which differs from its somatic cell counterparts, which often use RB1 family redundancy in the absence of functional Rb1.
Although we saw no evidence for RB1 family redundancy within the Rb1 À/À testes, we were able to identify an upregulation of several CDK inhibitors that presumably function to achieve XY germ cell arrest. CDK inhibitors represent a mechanism of negative regulation of cell cycle progression that is mediated by the cyclin/CDK complexes. Two families of CDK inhibitors exist: the CIP/KIP family (CDKN1A, CDKN1B, and CDKN1C) and the inhibitors of the CDK4 family (INK4; CDKN2A, CDKN2B, CDKN2C, and CDKN2D) [39, 40] . To arrest cells in G 1 phase, the INK4 family of CDK inhibitors targets CDK4 and CDK6 specifically. Binding of these CDK inhibitors to the cyclin/CDK complex results in cyclinD/CDK4/6 complex dissociation [28] . The CIP/KIP family members can bind to and inhibit both cyclinD/CDK4/6 and cyclinE/CDK2 complexes during this phase of the cell cycle. Successful inhibition of the cyclin/ CDK complexes by the CDK inhibitors results in expression/ activation of their substrates that function to maintain G 1 arrest. The best-characterized family of cell cycle inhibitors that are regulated by the CDK inhibitor action is the RB1 family.
In our investigations, we detected an upregulation of Cdkn1b, Cdkn2b, and Cdkn1c in the absence of Rb1, of which all have been identified specifically within the XY germ cell population during normal G 1 /G 0 arrest [16] . Cdkn1c, however, was also significantly upregulated in the W e /W e testes, which is an unexpected result. This finding indicates that first, Cdkn1c expression predominantly originates from the somatic cells, and second, the lack of germ cell Rb1 and/or the lack of germ cells themselves affect the somatic cell environment in such a way as to modulate the expression of the CDK inhibitor. This finding is in contrast to the common belief that 440 the loss of germ cells has no effect on the somatic cell environment of the testis [41, 42] . For these reasons, we conclude that Cdkn1c is unlikely to be responsible for inducing G 1 /G 0 arrest in the Rb À/À germ cells. Both Cdkn1b and Cdkn2b were upregulated in the Rb1 À/À testes but remained unchanged in the W e /W e mutants. This finding can be interpreted two ways. First, that upregulation of the CDK inhibitor is a cell-autonomous effect of Rb1 loss in germ cells, or second, that it is a result of the somatic cell loss of Rb1 in these testes and is germ cell independent. Because of the predominant germ cell-specific expression of endogenous RB1, we believe that the latter rationale is unlikely, and instead that Cdkn1b and Cdkn2b are upregulated by the germ cells to affect G 1 /G 0 arrest in the absence of Rb1.
Together, these data suggest that although Cdkn1b, Cdkn2b, and Cdkn1c were upregulated in the absence of Rb1, only Cdkn1b and Cdkn2b are likely to be responsible for inducing the G 1 /G 0 arrest in the XY germ cells by 16.5 dpc. The fact that a small germ cell population continued to proliferate at 14.5 dpc most likely indicates a reduced efficiency of these inhibitors in inducing G 1 /G 0 arrest, compared with RB1 in the wild-type situation, or perhaps it represents a slight delay in their action.
In contrast to Rb1 deletion in other systems, we could not detect deregulation of various RB1 target genes analyzed in the Rb1 À/À testes. Both E2F transcription factor members in addition to cell cycle progression genes Tgfb2, Fos, and Myc all remained unchanged. This observation is likely a reflection of the quickly resolved proliferation phenotype and perhaps a germ cell-specific mechanism of RB1 pathway regulation not observed in the ovarian somatic cell model.
Although our cell death assay revealed unchanged levels at 14.5 dpc in the absence of Rb1, at 16.5 dpc there was a significant increase in cell death that was primarily somatic. Interestingly, the labeled somatic populations were often closely associated with the testis cords. Because the Lysotracker assay also labels neighboring cells engulfing apoptotic cells, we cannot eliminate the possibility of germ cell apoptosis in these areas, which might account for the nominal increase in germ cell numbers despite significantly increased proliferation in the Rb1 À/À testes. The increase in somatic cell death we detected could be due to several factors. First, the cell death could be a somatic cell effect of Rb1 deletion, although we believe this unlikely because of its predominantly germ cellspecific expression. Alternatively, it could reflect the viability of the gonads collected from 14.5 dpc embryos that are already severely compromised in many aspects of their development. Importantly, because RB1 expression (wild-type testes) and cell death (Rb1 À/À testes) of the somatic cells are not restricted to one somatic cell population (for example, Sertoli or Leydig cells) it is unlikely that the germ cell phenotype is an indirect effect of Rb1 loss in these cells.
Although we presume that there must be some degree of germ cell apoptosis to achieve the difference in germ cell increase (10% more germ cells at 16.5 dpc as opposed to 19% more germ cells at 14.5 dpc), this was not directly detected with the methods used in this study. The low level of germ cell apoptosis was particularly surprising considering the aberrant germ cell proliferation at 14.5 dpc and the fact that the testis is extremely efficient in apoptosing germ cells that fail to correctly maintain G 1 /G 0 arrest. Indeed, in the wildtype situation, germ cells that fail to become enclosed within testis cords and/or erroneously enter meiosis undergo apoptosis [43] [44] [45] . There are a few reported cases of germ cells escaping this induced apoptosis that continue to proliferate aberrantly. The Pten À/À mutation and the naturally occurring 129/Sv-ter strain display proliferating germ cells that escape the induced apoptosis and give rise to teratomas [46] [47] [48] . In these cases, the germ cells showed impaired mitotic arrest, highlighting the importance of G 1 /G 0 arrest in establishing the commitment and fidelity of the XY germ cell lineage. In the case of the Rb1 À/À mutation analyzed, it appears that rather than escaping apoptosis induced by the testis, the germ cells avoid this event by affecting correct G 1 / G 0 arrest with a combination of CDK inhibitors. Intriguingly, this model suggests that the signal received from the somatic FIG. 7 . The role of RB1 in mouse XY fetal germ cell development. At 11.5 dpc, germ cells (GCs) in both wild-type and Rb À/À testes undergo mitotic proliferation. At 14.5 dpc, germ cells in wild-type testes have ceased proliferation and entered G 1 /G 0 arrest and express CDK inhibitor transcripts Cdkn2a, Cdkn2b, Cdkn1a, Cdkn1b, and Cdkn1c (indicated by one up arrow). Germ cells in Rb À/À testes at 14.5 dpc display 19% more germ cells than wild-type testes, of which 4% are actively proliferating. These testes also further upregulate CDK inhibitor transcripts Cdkn2b, Cdkn1b, and Cdkn1c (indicated by two up arrows). At 16.5 dpc, wild-type germ cells maintain G 1 / G 0 arrest, and the testes continue expression of all CDK inhibitors. Rb À/À testes, however, display 10% more germ cells than wildtype testes, all of which have now arrested in G 1 /G 0 . Rb À/À testes also exhibit increased expression levels of the CDK inhibitor transcripts Cdkn2a, Cdkn2b, and Cdkn1b, and display a 43% increase in somatic cell death.
RB1 MODULATES XY GERM CELL G 1 /G 0 ARREST 441 cell environment to induce G 1 /G 0 arrest in germ cells can be interpreted in alternate ways such that mitotic arrest is still achieved in the absence of Rb1.
Our study has provided both insight into the mechanism of cell cycle arrest used by the fetal germ cells and further evidence for the fetal germ cell origins of CIS, associated with RB1 pathway deregulation. Analysis of the Rb1 mutation in embryos that survive to term, using tetraploid aggregation and ex vivo culture to rescue the lethal placental defects, will allow analysis of whether the CDK inhibitors can continue to maintain the correct cell cycle state in the gonocytes. However, the deregulation of the RB1 pathway observed in many cases of CIS and TGCT suggests that this compensation cannot function in the postnatal testis [15, 49] . Now that we have established a role for RB1 in XY germ cell G 1 /G 0 arrest, future investigations should focus on upstream components of the RB1 pathway to identify what factor(s) are responsible for initiating this state. Furthermore, in vitro and in vivo analysis of the CDK inhibitors CDKN1B and CDKN2B during XY germ cell development should provide further information surrounding control of G 1 /G 0 arrest in these cells.
